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PROVIDING A SOLAR CELL, HAVING A FRONT SiDE
WHICH FACES THE SUN DURING NORMAL
OPERATION, AND A BACK SIDE OPPOSITE THE
FRONT SIDE

¥

s

DEPQOSITING A PASTE HAVING A FIRST METAL
ABOVE A SUBSTRATE OF THE SOLAR CELL

f

GURING THE PASTE TO FORM A FIRST METAL LAYER

J

DEPQSITING, IN AN INTERDIGITATED PATTERN, AN ETCH

RESIST ON THE BACK SIDE OF THE SOLAR CALL

i

DEPOSITING AN ETCH RESIST ALONG THE SIDE

EDGES OF THE SOLAR CELL

|

ELECTROLESSLY PLATING A SECOND METAL
LAYER CON THE FIRST METAL LAYER

¥

o B0E

/

ELECTROLYTICLY PLATING A THIRD METAL LAYER ON
SECOND METAL LAYER, WHERE THE SECOND METAL
LAYER ELECTRICALLY COUPLES THE FiRST METAL

LAYER TO THE THIRD METAL LAYER

THE

f

REMOVING THE ETCH RESIST ON THE BACK SIDE,
SIDE EDGES OF THE SOLAR CELL AND REMOVING
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METHODS FOR ELECTROLESS PLATING
OF A SOLAR CELL METALLIZATION
LAYER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/956,175, filed on Dec. 10,2012, and U S.
Provisional Application No. 61/794,499, filed on Mar. 15,
2013, the entire contents of which are hereby incorporated by
reference herein.

TECHNICAL FIELD

Embodiments of the subject matter described herein relate
generally to solar cells. More particularly, embodiments of
the subject matter relate to solar cell structures and fabrication
processes.

BACKGROUND

Solar cells are well known devices for converting solar
radiation to electrical energy. They can be fabricated on a
semiconductor wafer using semiconductor processing tech-
nology. A solar cell includes P-type and N-type diffusion
regions. Solar radiation impinging on the solar cell creates
electrons and holes that migrate to the diffusion regions,
thereby creating voltage differentials between the diffusion
regions. In a backside contact solar cell, both the diffusion
regions and the metal contact fingers coupled to them are on
the backside of the solar cell. The contact fingers allow an
external electrical circuit to be coupled to and be powered by
the solar cell.

Techniques for improving contact formation and plating
metal to a solar cell during manufacturing are very beneficial
as these are an intrinsic part of the standard solar cell fabri-
cation process. Such improved techniques may reduce fabri-
cation operations and improve overall output yield, decreas-
ing overall solar cell manufacturing time and increasing the
available product yield due to less handling.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the subject matter may
be derived by referring to the detailed description and claims
when considered in conjunction with the following figures,
wherein like reference numbers refer to similar elements
throughout the figures.

FIGS. 1-6 are cross-sectional representations of a solar cell
in accordance with a standard solar cell fabrication process;

FIGS. 7-10 are graphical representations of a model for
conductivity along a single and multiple metal contact fin-
gers;

FIGS. 11-18 are cross-sectional representations of a solar
cell being fabricated in accordance with a method for forming
a contact region of a solar cell;

FIGS. 19-23 are cross-sectional representations of a solar
cell being fabricated in accordance with another method for
forming a contact region of a solar cell;

FIGS. 24 and 25 are cross-sectional representations of a
solar cell being fabricated in accordance with still another
method for forming a contact region of a solar cell;

FIGS. 26 and 27 are cross-sectional representations of a
solar cell being fabricated in accordance with method for
forming a contact region of a solar cell;
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FIGS. 28 and 29 are cross-sectional representations of a
solar cell being fabricated in accordance with another method
for forming a contact region of a solar cell;

FIGS. 30-37 are flow charts of methods for forming contact
regions of solar cells in accordance with methods for forming
a contact region of a solar cell.

DETAILED DESCRIPTION

The following detailed description is merely illustrative in
nature and is not intended to limit the embodiments of the
subject matter or the application and uses of such embodi-
ments. As used herein, the word “exemplary” means “serving
as an example, instance, or illustration.” Any implementation
described herein as exemplary is not necessarily to be con-
strued as preferred or advantageous over other implementa-
tions. Furthermore, there is no intention to be bound by any
expressed or implied theory presented in the preceding tech-
nical field, background, brief summary or the following
detailed description.

Additionally, numerous specific details are set forth, such
as specific process flow operations, in order to provide a
thorough understanding of the method and its embodiments.
It will be apparent to one skilled in the art that the method and
its embodiments may be practiced without these specific
details. In other instances, well-known fabrication tech-
niques, such as lithographic, etch and plating techniques, are
not described in detail in order to not unnecessarily obscure
the method and its embodiments. Furthermore, it is to be
understood that the various embodiments shown in the figures
are illustrative representations and are not necessarily drawn
to scale.

A method for forming a contact region for a solar cell is
disclosed. The method includes providing a solar cell having
a front side configured to face the sun during normal opera-
tion, and a back side opposite the front side. The method also
includes depositing a paste composed of a first metal above a
substrate of the solar cell, curing the paste to form a first metal
layer, electrolessly plating a second metal layer on the first
metal layer and electrolytically plating a third metal layer on
the second metal layer where the second metal layer electri-
cally couples the first metal layer to the third metal layer. In an
embodiment, depositing the paste above the substrate
includes depositing paste on a polysilicon region above the
substrate. In another embodiment, depositing the paste
includes depositing an aluminum paste. In still another
embodiment, depositing the aluminum paste includes depos-
iting an aluminum paste having a thickness of at least 0.5
microns. In yet another embodiment, the second metal layer
includes a barrier metal adapted to prevent diffusion of metals
from the third metal layer into the substrate. In another
embodiment, electrolessly plating the second metal layer
includes electrolessly plating a metal such as, but not limited
to, nickel, gold, silver, rhodium, chromium, zinc, tin or cad-
mium. In still another embodiment, electrolessly plating the
second metal layer includes electrolessly plating a metal layer
having a thickness of at least 0.1 microns. In yet another
embodiment, electrolytically plating the third metal layer
includes electrolytically plating a metal such as, but not lim-
ited to, copper, tin, aluminum, silver, gold, chromium, iron,
nickel, zinc, ruthenium, palladium, or platinum.

Another method for forming a contact region for a solar
cell is disclosed. The method includes providing a solar cell
having a front side configured to face the sun during normal
operation, and a back side opposite the front side. The method
also includes depositing a paste composed of a first metal
above a substrate of the solar cell, curing the paste to form a



US 9,293,624 B2

3

first metal layer, electrolessly plating a second metal layer on
the first metal layer and electrolytically plating a third metal
layer on the second metal layer where the second metal layer
electrically couples the first metal layer to the third metal
layer. In an embodiment, the method further includes electro-
Iytically plating a fourth metal layer on the third metal layer.
In another embodiment electrolytically plating the fourth
metal layer includes electrolytically plating a metal such as,
but not limited to, copper, tin, aluminum, silver, gold, chro-
mium, iron, nickel, zinc, ruthenium, palladium, or platinum.

Yet another method for forming a contact region for a solar
cell is disclosed. The method includes providing a solar cell
having a front side configured to face the sun during normal
operation, and a back side opposite the front side. The method
also includes depositing, in an interdigitated pattern, an alu-
minum paste above a substrate of the solar cell, curing the
aluminum paste to form a layer of aluminum, electrolessly
plating a second metal layer with a thickness of at least 0.1
microns on the layer of aluminum, electrolytically plating a
third metal layer on the second metal layer, where the second
metal layer electrically couples the layer of aluminum to the
third metal layer and electrolytically plating a fourth metal
layer on the third metal layer. In an embodiment depositing
aluminum paste includes depositing aluminum paste having a
thickness of at least 0.5 microns. In another embodiment, the
second metal layer includes a barrier metal adapted to prevent
diffusion of metals from the third metal layer into the sub-
strate. In still another embodiment, depositing aluminum
paste above the substrate includes depositing aluminum paste
on a polysilicon region above the substrate. In yet another
embodiment, depositing the aluminum paste includes depos-
iting using a method such as, but not limited to, screen print-
ing, spin coating, or ink-jet printing. In an embodiment, elec-
trolytically plating the third and fourth metal layers includes
electrolytically plating metals such as, but not limited to,
copper, tin, aluminum, silver, gold, chromium, iron, nickel,
zinc, ruthenium, palladium, or platinum.

A method for forming a contact region for a solar cell is
disclosed. The method includes providing a solar cell having
a front side configured to face the sun during normal opera-
tion, and a back side opposite the front side. The method also
includes depositing, in an interdigitated pattern, an aluminum
paste with a thickness of at least 0.5 microns above a substrate
of'the solar cell, thermally curing the aluminum paste to form
a layer of aluminum and electrolessly plating a second metal
layer including a barrier metal with a thickness of at least 0.1
microns on the first metal layer, where the barrier metal is
adapted to prevent diffusion of metals into the substrate. The
method also includes electrolytically plating a third metal
layer on the second metal layer, where the second metal layer
electrically couples the layer of aluminum to the third metal
layer and electrolytically plating a fourth metal layer on the
third metal layer. In an embodiment, depositing aluminum
paste above the substrate includes depositing aluminum paste
on a polysilicon region above the substrate. In another
embodiment, depositing an aluminum paste on the solar cell
includes depositing aluminum paste on the solar cell using a
method such as, but not limited to, screen printing, spin coat-
ing, or ink-jet printing. In still another embodiment, provid-
ing a solar cell includes providing a solar cell such as, but not
limited to, a back-contact solar cell, front-contact solar,
monocrystalline silicon solar cells, polycrystalline silicon
solar cells, amorphous silicon solar cells, thin film silicon
solar cells, copper indium gallium selenide (CIGS) solar
cells, and cadmium telluride solar cells.

FIGS. 1-6 illustrate operations in a standard process for
forming a contact region for asolar cell 100. Referring to FIG.
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1 the standard process can include providing a solar cell 100
having a front side 104 configured to face the sun during
normal operation and back side 102 opposite the front side
104. The solar cell can also include a substrate or a silicon
substrate 110, first and second doped regions 112, 114 and
contact regions 126 on both doped regions 112, 114, where
the contact regions 126 can be formed using standard etching
techniques. The provided solar cell 100 can also have an
anti-reflective layer (ARC) 120 deposited on a textured
region 124 on the front side 104. The provided solar cell 100
can also have a back anti-reflective layer (BARC) 122 depos-
ited on the back side 102. In FIG. 2 the standard process can
also include depositing a first metal layer 130 on the back side
102 of the solar cell 100 using physical vapor deposition
(PVD) techniques, including sputtering and annealing. As
shown in FIG. 3, the standard process includes curing 140 the
first metal layer 130, where curing 140 the first metal layer
130 allows for the improved adhesion between the first metal
layer 130 and the first and second doped regions 112, 114. The
standard process can also include depositing an etch resist ink
142, 144 on the back side 102 of the solar cell in an interdigi-
tated pattern and along the side edges of the solar cell 100 as
shown in FIG. 4. In FIG. 5 the standard process can also
include electrolytically plating a second metal layer 160 on
the exposed regions of the first metal layer 130, where the etch
resist ink 142, 144 prevents plating of excess metal along the
back side and side edges of the solar cell 100. The standard
process can also include removing the etch resist 142, 144 and
the excess metals underneath the etch resist 142, 144, where
the first metal layer 130 electrically couples the second metal
layer 160 to the first and second doped regions 112, 114. FIG.
6 shows a cross-sectional view of a conventional solar cell
fabricated with the standard process mentioned above.

In reducing the cost of producing the solar cell 100, it is
advantageous to replace the first metal layer 130 formed by
PVD with a first metal layer formed using a print deposition
method. This printed first metal layer, however, may have a
lower conductivity than the first metal layer 130 formed by
PVD as discussed below.

With reference to FIGS. 7-10, graphical representations of
a model for conductivity loss along printed metal fingers are
shown. The modeling process uses a printed aluminum paste
on a solar cell at different resistivity values as a reference.
Referring to FIG. 7, modeling the process confirms that elec-
trical conductivity decreases along a single printed metal
contact finger, from the O position at a bus bar where all the
metal fingers extend to the ends of the fingers at around
100-150 cm. As can be observed from FIG. 7, no electrolytic
plating can occur at the ends of the printed fingers where the
end of the finger sits in a deplating condition, repelling any
plating from occurring. FIGS. 8-10 illustrate the results for a
more complex interdigitated metal finger case, where similar
results are observed. Another alternative to printed aluminum
paste is to replace aluminum with a higher conductivity
metal. In this case silver or noble metal, such as gold, could be
used but cost rapidly becomes prohibitive for these materials.

The above described standard processes are not cost effec-
tive and are inefficient for use in solar cell manufacturing
processes. The proceeding descriptions, details of embodi-
ments of the proposed methods are described that may pro-
vide an alternative solution to the standard processes men-
tioned above.

As a solution to the above, proposed methods instead
involve the use of electroless plating techniques to increase
the conductivity of the printed metal fingers. Since electroless
plating does not rely on an external circuit to plate the metal,
electroless plating rates do not depend on the conductivity of
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the printed metal finger or printed metal layer. In one such
embodiment, electroless deposition is used to plate metal
onto a printed metal layer, where the conductivity of the
printed metal layer can be enhanced. The electroless tech-
nique can have the advantage of uniformly coating and filling
in the voids between metal paste particles of the printed metal
layer. This advantage of filling in the empty spaces between
metal paste particles decreases the overall resistivity and
increases conductivity of the printed metal layer. The method
also allows for the reduction of process steps in the standard
process mentioned above, such as the removal of the thermal
steps, which can be combined in the deposition step and etch
resist application and removal steps. Thus, one or more
embodiments are directed to a method for forming a contact
region for a solar cell including printing a metal layer on the
back side of a solar cell, electrolessly plating a metal layer to
the printed metal layer and subsequently electrolytically plat-
ing another metal layer to the electrolessly formed metal
layer. Various approaches are described below.

FIG. 11 illustrates a method for forming a contact region
for a solar cell 300 is disclosed. The method includes provid-
ing a solar cell 300 having a front side 304 which faces the sun
to receive light during normal operation and a back side 302
opposite the front side 304. In some embodiments, a substrate
or silicon substrate 310 of the solar cell 300 is cleaned, pol-
ished, planarized, and/or thinned or otherwise processed prior
to the formation of first and second doped regions 312, 314. In
another embodiment the silicon substrate 310 is composed of
polysilicon or multi-crystalline silicon. In still another
embodiment, first and second doped regions 312, 314 are
grown by a thermal process. In yet another embodiment, the
first doped region 312 is deposited over the silicon substrate
310 by depositing dopants in the silicon substrate by a con-
ventional doping process. In an embodiment, an oxide layer is
deposited over the first doped region 312 and over the second
doped region 314, serving as a protective barrier for both
regions. The first and second doped regions 312, 314 each
include a doping material but is not limited to a positive-type
dopant such as boron or a negative-type dopant such as phos-
phorous. Although both the first and second doped regions
312, 314 are described as being grown by a thermal process or
by depositing dopants in the silicon substrate by a conven-
tional doping process, as with any other formation, deposi-
tion, or growth process operation described or recited here,
each layer or substance can be formed using any appropriate
process. For example, a chemical vapor deposition (CVD)
process, low-pressure CVD (LPCVD), atmospheric pressure
CVD (APCVD), plasma-enhanced CVD (PECVD), thermal
growth, sputtering, as well as any other desired technique can
be used where formation is described. In an embodiment, the
first and second doped regions 312, 314 are formed on the
silicon substrate 310 by a deposition technique, sputter, or
print process, such as inkjet printing or screen printing. The
method includes forming a texturized silicon region or a
texturized surface 324 on the front side 304 of the solar cell
300 for increased solar radiation collection. A texturized sur-
face 324 is one which has a regular or an irregular shaped
surface for scattering incoming light, decreasing the amount
of light reflected back off the surface of the solar cell. A first
dielectric layer 320 is formed over the texturized surface 324
on the front side 304 to further improve the light absorption
properties of the solar cell. In an embodiment, forming the
first dielectric layer 320 includes forming an anti-reflective
coating (ARC). A second dielectric layer 322 is formed on the
back side 302 of the solar cell 300. In an embodiment, form-
ing the second dielectric layer 322 on the back side 302
includes forming an anti-reflective coating (BARC). In
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another embodiment, both the ARC 320 and BARC 322 lay-
ers, either alone or together, are composed of silicon nitride
(SiN) or any other material that is commonly used in forming
an anti-reflective coating of a solar cell. The method includes
forming a plurality of contact holes 326 on the first and
second doped regions 312, 314 and through a first dielectric
layer 322. In an embodiment, the contact holes 326 are
formed by any number of lithography processes including
wet etching and ablation techniques. In an embodiment, the
solar 300 cell includes a solar cell such as, but not limited to,
a back-contact solar cell, a front-contact solar cell, a monoc-
rystalline silicon solar cell, a polycrystalline silicon solar cell,
an amorphous silicon solar cell, a thin film silicon solar cell,
a copper indium gallium selenide (CIGS) solar cell, or a
cadmium telluride solar cell.

With reference to FIGS. 12 and 13, a continuation of the
method for forming a contact region for a solar cell 300 is
shown. The method includes depositing a continuous paste
above a substrate 310 of the solar cell 300. In an embodiment,
the substrate 310 is a silicon substrate and the paste includes
a first metal 330 and a cohesive matrix 332. In another
embodiment, printing techniques, including screen printing,
spin coating and inkjet printing are used to deposit the paste
on the substrate 310. In still another embodiment, the first
metal 330 includes metal particles. In yet another embodi-
ment, the paste is an aluminum paste including aluminum
particles. As shown in FIG. 13, the method includes curing
340 the paste to form a first metal layer 336 from the first
metal 330. During the curing process 340, the cohesive matrix
can form a second state 334 and evaporate subsequent to
further curing 340. In an embodiment, depositing the paste
above the substrate includes depositing paste on a polysilicon
region disposed on the substrate 310. In another embodiment,
the paste can instead be an aluminum paste. In still another
embodiment, the deposited aluminum paste has a thickness of
at least 0.5 microns. In yet another embodiment, curing 340
the aluminum paste forms a layer of aluminum. In an embodi-
ment, the curing process is performed with the deposition
process. In still another embodiment, the curing process is
performed as a standalone process. In yet another embodi-
ment, the curing process is a curing process selected from the
group consisting of thermal cure, ultraviolet (UV) cure, infra-
red cure and any other radiative cure.

FIGS. 14-17 illustrate a continuation of the method for
forming a contact region for a solar cell 300. The method
includes depositing an etch resist ink 342, 344 on the back
side 302 of the solar cell in an interdigitated pattern and along
the side edges of the solar cell 300 as shown in FIG. 14. FIG.
15 shows the method which includes electrolessly plating a
second metal layer 350 on the exposed regions of the first
metal layer 336. Subsequently, FIG. 16 shows the method
includes electrolytically plating a third metal layer 360 on the
exposed regions of the second metal layer 350. In an embodi-
ment, the method includes electrolytically plating a fourth
metal 362 layer on the exposed regions of the third metal layer
360 as shown in FIG. 17. The etch resist ink 342, 344 prevents
plating excess metal along the back side 302 and side edges of
the solar cell 300. In an embodiment, the second metal layer
350 includes a barrier metal adapted to prevent diffusion of
metals from the third metal layer 360 into the silicon substrate
310. In another embodiment, electrolessly plating the second
metal layer 350 includes electrolessly plating a metal such as,
but not limited to, nickel, gold, silver, rhodium, chromium,
zinc, tin or cadmium. In still another embodiment, electro-
lessly plating the second metal layer 350 includes electro-
lessly plating a metal layer having a thickness of at least 0.1
microns. In yet another embodiment, electrolytically plating



US 9,293,624 B2

7

the third and fourth metal layer 360, 362 includes electrolyti-
cally plating a metal such as, but not limited to, copper, tin,
aluminum, silver, gold, chromium, iron, nickel, zinc, ruthe-
nium, palladium, or platinum.

With reference to FIG. 18, there are shown a continuation
of'the method for forming a contact region for a solar cell 300.
The method includes removing the etch resist 342, 344 and
the excess metals underneath the etch resist 342, 344 forming
asolar cell 300 having interdigitated contact fingers where the
second metal layer 350 electrically couples the first metal
layer 336 to the third and fourth metal layers 360, 362 and the
first metal layer 336 electrically couples the metal layers 350,
360, 362 to the first and second doped regions 312, 314.

FIGS. 19 and 20 illustrate another method for forming a
contact region for a solar cell 400 similar to the solar cell 300
as mentioned in the description above. The method includes
providing a solar cell 400 having a front side 404 which faces
the sun to receive light during normal operation and a back
side 402 opposite the front side 404. In some embodiments, a
substrate or silicon substrate 410 of the solar cell 400 is
cleaned, polished, planarized, and/or thinned or otherwise
processed similar to that described above. In another embodi-
ment the silicon substrate 410 is composed of polysilicon or
multi-crystalline silicon. In still another embodiment, the first
and second doped regions 412, 414 are grown by a thermal
process. In yet another embodiment, the first doped region
412 is deposited on the silicon substrate 410 by depositing
dopants in the silicon substrate by a conventional doping
process. In an embodiment, an oxide layer is deposited on the
first doped region 412 and on the second doped region 414,
serving as a protective barrier for both regions. In another
embodiment, the first and second doped regions 412, 414
each include a doping material but is not limited to a positive-
type dopant such as boron or a negative-type dopant such as
phosphorous. Although both the first and second doped
regions 412, 414 are described as being grown by a thermal
process or by depositing dopants in the silicon substrate by a
conventional doping process, as with any other formation,
deposition, or growth process operation described or recited
here, each layer or substance can be formed using any appro-
priate process. A first dielectric layer 420 is formed over the
texturized surface 424 on the front side 404 to further improve
the light absorption properties of the solar cell. In an embodi-
ment, forming the first dielectric layer 420 includes forming
an anti-reflective coating (ARC). A second dielectric layer
422 is formed on the back side 402 of the solar cell 400. In an
embodiment, forming the second dielectric layer 422 on the
back side 402 includes forming an anti-reflective coating
(BARC). In another embodiment, both the ARC 420 and
BARC 422 layers, either alone or together, are composed of
silicon nitride (SiN) or any other material that is commonly
used in forming an anti-reflective coating of a solar cell. The
method includes depositing a continuous paste having a first
metal 430 and a cohesive matrix 432 in an interdigitated
pattern above contact regions through a first dielectric layer
422 on both a first and second doped regions 412, 414. As
shown in FIG. 20, the method includes curing 440 the first
metal 430 and cohesive matrix 432 to form a first metal layer
436 and a cohesive matrix in a second state 434, where the
cohesive matrix in a second state evaporates subsequent to the
curing process 440. In an embodiment, depositing the paste
above the substrate includes depositing paste on a polysilicon
region above the substrate. In another embodiment, the paste
instead is an aluminum paste. In still another embodiment, the
deposited aluminum paste has a thickness of at least 0.5
microns. In yet another embodiment, curing 440 the alumi-
num paste forms a layer of aluminum. In an embodiment, the
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curing process is performed with the deposition process. In
another embodiment, the curing process is performed as a
standalone process. In still another embodiment, the curing
process is a curing process selected from the group consisting
of thermal cure, ultraviolet (UV) cure, infrared cure and any
other radiative cure. In yet another embodiment, the solar cell
400 includes a solar cell such as, but not limited to, a back-
contact solar cell, a front-contact solar, a monocrystalline
silicon solar cell, a polycrystalline silicon solar cell, an amor-
phous silicon solar cell, a thin film silicon solar cell, a copper
indium gallium selenide (CIGS) solar cell, or a cadmium
telluride solar cell.

With reference to FIGS. 21-23, a continuation of the
method for forming a contact region for a solar cell 400 is
shown. The method includes electrolessly forming a second
metal layer 450 on the exposed region of the first metal layer
436. Subsequent to electrolessly forming a second metal layer
450, F1G. 21 shows the method includes forming a third metal
layer 460 on the exposed regions of the second metal layer
450 through an electrolytic plating process. In an embodi-
ment, the method includes electrolytically plating a fourth
metal layer 462 on the third metal layer 460 as shown in FIG.
22. In an embodiment, the second metal layer 450 includes a
barrier metal adapted to prevent diffusion of metals from the
third metal layer into the substrate. In another embodiment,
electrolessly plating the second metal layer 450 includes elec-
trolessly plating a metal such as, but not limited to, nickel,
gold, silver, rhodium, chromium, zinc, tin or cadmium. In still
another embodiment, electrolessly plating the second metal
layer 450 includes electrolessly plating a metal layer having a
thickness of at least 0.1 microns. In yet another embodiment,
electrolytically plating the third and fourth metal layer 460,
462 includes electrolytically plating a metal such as, but not
limited to, copper, tin, aluminum, silver, gold, chromium,
iron, nickel, zinc, ruthenium, palladium, or platinum. Similar
to FIG. 18, FIG. 23 shows a solar cell 400 having interdigi-
tated contact fingers where the second metal layer 450 elec-
trically couples the first metal layer 436 to the third and fourth
metal layers 460, 462 and the first metal layer 436 electrically
couples the metal layers 450, 460, 462 to the first and second
doped regions 412, 414.

FIG. 24 illustrates still another method for forming a con-
tactregion for a solar cell 500. The method includes providing
a solar cell 500 having a front side 504 that faces the sun
during normal operation and a back side 502 opposite the
front side 504. Similar to that mentioned above, the substrate
or silicon substrate 510 of the solar cell 500 is cleaned, pol-
ished, planarized, and/or thinned or otherwise processed prior
to the formation of a first and second doped polysilicon
regions 512, 514. In another embodiment, first and second
doped polysilicon regions 512, 514 are grown by a thermal
process. In yet another embodiment, first and second doped
polysilicon regions 512, 514 are deposited over the silicon
substrate 510 by depositing dopants in the silicon substrate by
a conventional doping process. In still another embodiment, a
third dielectric layer 516 is deposited on the silicon substrate
510 prior to forming the first and second doped polysilicon
regions 512,514. In yet another embodiment, the third dielec-
tric layer 516 is a tunnel oxide layer. The first and second
doped polysilicon regions 512, 514 each include a doping
material but is not limited to a positive-type dopant such as
boron or a negative-type dopant such as phosphorous.
Although both the first and second doped polysilicon regions
512,514 are described as being grown by a thermal process or
by depositing dopants in the silicon substrate by a conven-
tional doping process as with any other formation, deposition,
or growth process operation described or recited here, each



US 9,293,624 B2

9

layer or substance is formed using any appropriate process as
described above. In an embodiment, an amorphous silicon
layer is formed on the back side 502 of the solar cell 500
subsequent to forming the first and second doped polysilicon
regions 512, 514. In another embodiment, a plurality of
trench regions 528 are formed, where the trench regions 528
separate the first and second doped polysilicon regions 512,
514. The solar cell 500 is provided with a texturized silicon
region or a texturized surface 524 on the front side 504 of the
solar cell for increased solar radiation collection. A texturized
surface 524 is similar to the texturized surface 324 mentioned
above. In an embodiment, the trench regions 528 have a
texturized silicon region and can be formed during the same
process of forming the texturized surface 524 on the front side
504 of' the solar cell 500. A first dielectric layer 520 is formed
over the texturized surface 524 on the front side 504 to further
improve the light absorption properties of the solar cell. In an
embodiment, forming the first dielectric layer 520 includes
forming an anti-reflective coating (ARC). A second dielectric
layer 522 is formed on the back side 502 of the solar cell 500.
In an embodiment, forming the second dielectric layer 522 on
the back side 502 includes forming an anti-reflective coating
(BARC). In another embodiment, both the ARC 520 and
BARC 522 layers, either alone or together, are composed of
silicon nitride (SiN) or any other material that is commonly
used in forming an anti-reflective coating of a solar cell. A
plurality of contact holes 526 are formed through a first
dielectric layer 522 and on the first and second doped poly-
silicon regions 512, 514. The contact holes 526 are formed by
any number of lithography processes including wet etching
and ablation techniques. In an embodiment, the solar 500 cell
includes a solar cell such as, but not limited to, a back-contact
solar cell, a front-contact solar cell, a monocrystalline silicon
solar cell, a polycrystalline silicon solar cell, an amorphous
silicon solar cell, a thin film silicon solar cell, a copper indium
gallium selenide (CIGS) solar cell, or a cadmium telluride
solar cell.

With reference to FIG. 25, a continuation of the method for
forming a contact region for a solar cell 500 is shown. Similar
to approaches described above, a method for fabricating a
solar cell can be performed including forming a first metal
layer 536 on the back side 502 of a solar cell 500. The method
includes depositing a paste having a first metal and a cohesive
matrix in an interdigitated pattern above contact regions
through a first dielectric layer 522, on both a first and second
doped polysilicon regions 512, 514. The method includes
curing 540 the first metal and cohesive matrix to form a first
metal layer 536. In another embodiment, the paste can instead
be an aluminum paste. In still another embodiment, the
deposited aluminum paste can have a thickness of at least 0.5
microns. In yet another embodiment, curing the aluminum
paste forms a layer of aluminum. The method includes elec-
trolessly plating a second metal layer 550 to the first metal
layer 536 and subsequently electrolytically plating a third
metal layer 560 to the second metal layer 550 and, where the
second metal layer 550 electrically couples the first metal
layer 536 to the third metal layer 560 and the first metal layer
536 electrically couples the subsequent metal layers 550, 560
to the first and second doped regions 512, 514. In an embodi-
ment, the method further includes electrolytically plating a
fourth metal layer 562 to the third metal layer 560. In another
embodiment, the second metal layer 550 includes a barrier
metal adapted to prevent diffusion of metals from the third
metal layer into the substrate. In still another embodiment,
electrolessly plating the second metal layer 550 includes elec-
trolessly plating a metal such as, but not limited to, nickel,
gold, silver, thodium, chromium, zinc, tin or cadmium. In yet

5

10

15

20

25

30

35

40

45

50

55

60

65

10

another embodiment, electrolessly plating the second metal
layer 550 includes electrolessly plating a metal layer having a
thickness of at least 0.1 microns. In yet another embodiment,
electrolytically plating the third and fourth metal layer 560,
562 includes electrolytically plating a metal such as, but not
limited to, copper, tin, aluminum, silver, gold, chromium,
iron, nickel, zinc, ruthenium, palladium, or platinum. Similar
to FIGS. 18 and 23, FIG. 25 shows a solar cell 500 having
interdigitated contact fingers where the second metal layer
550 electrically couples the first metal layer 536 to the third
and fourth metal layers 560, 562 and the first metal layer 536
electrically couples the metal layers 550, 560, 562 to the first
and second doped polysilicon regions 512, 514.

FIG. 26 illustrates a method for forming a contact region
forasolar cell 600. The method includes providing a solar cell
600 similar to the embodiments 300, 400, 500 described
above. The method also includes screen printing a paste hav-
ing a first metal 630 and a cohesive matrix 632. The screen
printer 670 can include a squeegee 672, a screen 674, a frame
678 and emulsion 676 on the screen 674. The screen print
method includes using the squeegee 672 to spread the paste
through the screen 674 and onto the back side 602 of the solar
cell 600. The emulsion 676 on the screen 674 prevents paste
from escaping in a defined pattern. In an embodiment, the
method includes printing a pattern of paste in an interdigi-
tated pattern using an interdigitated pattern of emulsion 676
on the screen 674. In another embodiment, the method
includes printing a continuous paste through the screen 674
without any emulsion 676.

With reference to FIG. 27, a method for forming a contact
region for a solar cell 600 is shown. The method includes
providing a solar cell 600 similar to the embodiments 300,
400, 500 described above. The method also includes printing
a paste having a first metal 630 and a cohesive matrix 632
using an inkjet printer 680. The inkjet printer 680 includes a
print head 682 and a plurality of print nozzles 684, where the
inkjet printer 680 is coupled to a computer. In an embodiment,
the method includes using the print head 682 and the plurality
of'print nozzles 684 to deposit the paste onto the back side 602
of'the solar cell 600 in a pattern generated from the computer,
where the pattern can be an interdigitated pattern or a con-
tinuous pattern similar to that mentioned above.

FIG. 28 illustrates a method for electrolessly plating metal
to a printed metal layer on solar cell 700. The method includes
providing an electroless plating setup 770 including a solar
cell 700 having a first metal layer 736 immersed in an elec-
troless plating medium 752 within a plating tank 772. The
method also includes suspending the solar cell 700 by a
holder 774 and a plurality of fixtures 776. The method
includes inducing an auto-catalytic reaction within the elec-
troless plating medium 752 to deposit a metal selected from
the group consisting of nickel, gold, silver, rhodium, chro-
mium, zinc, tin and cadmium. In an embodiment, the solar
cell 700 can be similar the solar cells mentioned in the
embodiments 300, 400, 500, 600 above. The method further
includes performing an electroless plating process to form a
second metal layer 750 on the exposed region of the printed
metal layer or first metal layer 736 on the back side 702 of the
solar cell 700. In an embodiment, the method can include
electroless nickel plating to form a second metal layer 750,
such as nickel, onto the first metal layer 736.

With reference to FIG. 29, a method for electrolytically
plating metal to an electrolessly plated metal region on solar
cell 700 is shown. The method includes providing an electro-
Iytic plating setup 780 including a solar cell 700 having an
electrolessly formed metal layer or a second metal layer 750
immersed in an electrolytic plating medium 764 within a



US 9,293,624 B2

11

plating tank 782. The method also includes suspending the
solar cell 700 by a holder 784 and a plurality of fixtures 786
similar to the above. The method includes providing an anode
790 connected to an external power supply by a wire or an
interconnect 792. The method also includes inducing a cur-
rent, provided by the anode 790 coupled with the external
power supply, within the electrolytic plating medium 764,
which may allow for the flow of electrons within the medium
and further allow for electrolytic plating of a metal such as,
but not limited to, copper, tin, aluminum, silver, gold, chro-
mium, iron, nickel, zinc, ruthenium, palladium, or platinum.
The method includes performing an electrolytic plating pro-
cess to form a third metal layer 760 on the second metal layer
750 of the solar cell 700. In an embodiment, the method can
further include electrolytically plating a fourth metal layer to
the third metal layer 760 using the same electrolytic plating
setup 780 and methods mentioned above.

FIG. 30 illustrates a flow chart of an embodiment for form-
ing contact regions on a solar cell. As described above, the
first operation 801 can include providing a solar cell 300,
having a front side 304 which faces the sun during normal
operation, and a back side 302 opposite the front side 304.
The second operation 802 can include depositing a paste
having a first metal 330 above a substrate or a silicon substrate
310 of the solar cell 300. The third operation 803 can include
curing 340 the paste to form a first metal layer 336. The fourth
operation 804 can include depositing, in an interdigitated
pattern, an etch resist ink 342 on the back side 302 of the solar
cell 300. The fifth operation 805 can include depositing an
etch resist 344 along the side edges of the solar cell 300. The
sixth operation 806 can include electrolessly plating a second
metal layer 350 on the first metal layer 336. The seventh
operation 807 can include electrolytically plating a third
metal layer 360 on the second metal layer 350, where the
second metal layer 350 electrically couples the first metal
layer 336 to the third metal layer 360. The last operation 808
can include removing the etch resist 342, 344 on the back side
302 and side edges of the solar cell 300 and removing excess
metal underneath the etch resist 342, 344.

With reference to FIG. 31, a flow chart of another embodi-
ment for forming contact regions on a solar cell 300 is shown.
As described above, the first operation 811 can include pro-
viding a solar cell 300, having a front side 304 which faces the
sun during normal operation, and a back side 302 opposite the
front side 304. The second operation 812 can include depos-
iting a paste having a first metal 330 above a substrate or
silicon substrate 310 of the solar cell 300. The third operation
813 can include curing 340 the paste to form a first metal layer
336. The fourth operation 814 can include electrolessly plat-
ing a second metal layer 350 on the first metal layer 336. The
last operation 815 can include electrolytically plating a third
metal layer 360 on the second metal layer 350, where the
second metal 350 layer electrically couples the first metal
layer 336 to the third metal layer 360.

FIG. 32 illustrates a flow chart of'still another embodiment
for forming contact regions on a solar cell 300. As described
above, the first operation 821 can include providing a solar
cell 300, having a front side 304 which faces the sun during
normal operation, and a back side 302 opposite the front side
304. The second operation 822 can include depositing a paste
having a first metal 330 above a substrate or silicon substrate
310 of the solar cell 300. The third operation 823 can include
curing 340 the paste to form a first metal layer 336. The fourth
operation 824 can include electrolessly plating a second
metal layer 350 on the first metal layer 336. The fifth opera-
tion 825 can include electrolytically plating a third metal
layer 360 on the second metal layer 350, where the second
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metal layer 350 electrically couples the first metal layer 336 to
the third metal layer 360. The last operation 826 can include
electrolytically plating a fourth metal layer 362 on the third
metal layer 360.

With reference to FIG. 33, a flow chart of yet another
embodiment for forming contact regions on a solar cell 400 is
shown. As described above, the first operation 831 can
include providing a solar cell 400, having a front side 404
which faces the sun during normal operation, and a back side
402 opposite the front side 404. The second operation 832 can
include depositing, in an interdigitated pattern, a paste having
a first metal 430 above a substrate of the solar cell 400. The
third operation 833 can include curing 440 the aluminum
paste 430 to form a first metal layer 436. The fourth operation
834 can include electrolessly plating a second metal layer 450
on the first metal layer 436. The fifth operation 835 can
include electrolytically plating a third metal layer 460 on the
second metal layer 450, where the second metal layer 450
electrically couples the first metal layer 436 to the third metal
layer 460. The last operation 836 can include electrolytically
plating a fourth metal layer 462 on the third metal layer 460.

FIG. 34 illustrates a flow chart of yet another embodiment
for forming contact regions on a solar cell 400. As described
above, the first operation 841 can include providing a solar
cell 400, having a front side 404 which faces the sun during
normal operation, and a back side 402 opposite the front side
404. The second operation 842 can include depositing, in an
interdigitated pattern, an aluminum paste 430 above a sub-
strate of the solar cell 400. The third operation 843 can
include curing 440 the aluminum paste 430 to form a layer of
aluminum 436. The fourth operation 844 can include electro-
lessly plating a second metal layer 450 with a thickness of at
least 0.1 microns on the layer of aluminum 436. The fifth
operation 845 can include electrolytically plating a third
metal layer 460 on the second metal layer 450, where the
second metal layer 450 electrically couples the layer of alu-
minum 436 to the third metal layer 460. The last operation
846 can include electrolytically plating a fourth metal layer
462 on the third metal layer 460.

With reference to FIG. 35, a flow chart of an embodiment
for forming contact regions on a solar cell 400 is shown. As
described above, the first operation 851 can include providing
a solar cell 400, having a front side 404 which faces the sun
during normal operation, and a back side 402 opposite the
front side 404. The second operation 852 can include depos-
iting, in an interdigitated pattern, an aluminum paste 430 with
a thickness of at least 0.5 microns above a substrate or a
silicon substrate 410 of the solar cell 400. The third operation
853 can include thermally curing 440 the aluminum paste 430
to form a layer of aluminum 436. The fourth operation 854
can include electrolessly plating a second metal layer 450
including a barrier metal with a thickness of at least 0.1
microns on the layer of aluminum 436, where the barrier
metal is adapted to prevent diffusion of metals into the sub-
strate or silicon substrate 410. The fifth operation 855 can
include electrolytically plating a third metal layer 460 on the
second metal layer 450, where the second metal layer 450
electrically couples the layer of aluminum 436 to the third
metal layer 460. The last operation 856 can include electro-
Iytically plating a fourth metal layer 462 on the third metal
layer 460.

FIG. 36 illustrates a flow chart of another embodiment for
forming contact regions on a solar cell 400. As described
above, the first operation 861 can include providing a solar
cell 400, having a front side 404 which faces the sun during
normal operation, a back side 402 opposite the front side 404
and a first and second doped regions 412, 414 on a silicon
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substrate 410. The second operation 862 can include depos-
iting, in an interdigitated pattern, an aluminum paste 430 with
athickness of at least 0.5 microns above a substrate 410 of the
solar cell 400. The third operation 863 operation can include
thermally curing 440 the paste to form a layer of aluminum
436. The fourth operation 864 can include electrolessly plat-
ing a second metal layer 450 including a barrier metal with a
thickness of at least 0.1 microns on the layer of aluminum
436, where the barrier metal is adapted to prevent diffusion of
metals into the substrate or silicon substrate 410. The fifth
operation 865 can include electrolytically plating a third
metal layer 460 on the second metal layer 450, where the
second metal layer 450 electrically couples the layer of alu-
minum 436 to the third metal layer 460. The last operation
866 can include electrolytically plating a fourth metal 462
layer on the third metal layer 460.

With reference to FIG. 37, a flow chart of still another
embodiment for forming contact regions on a solar cell 500 is
shown. As described above, the first operation 871 can
include providing a solar cell 500, having a front side 504
which faces the sun during normal operation, a back side 502
opposite the front side 504 and a first and second doped
polysilicon regions 512, 514 on a silicon substrate 510. The
second operation 872 can include depositing, in an interdigi-
tated pattern, an aluminum paste 530 with a thickness of at
least 0.5 microns above a substrate or a silicon substrate 510
of the solar cell 500. The third operation 873 can include
thermally curing 540 the aluminum paste 530 to form a layer
of'aluminum 536. The fourth operation 874 can include elec-
trolessly plating a second metal layer 550 including a barrier
metal with a thickness of at least 0.1 microns on the layer of
aluminum 536, where the barrier metal is adapted to prevent
diffusion of metals into the substrate or silicon substrate 510.
The fifth operation 875 can include electrolytically plating a
third metal layer 560 on the second metal layer 550, where the
second metal layer 550 electrically couples the layer of alu-
minum 536 to the third metal layer 560. The last operation
876 can include electrolytically plating a fourth metal layer
562 on the third metal layer 560.

While at least one exemplary embodiment has been pre-
sented in the foregoing detailed description, it should be
appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or
embodiments described herein are not intended to limit the
scope, applicability, or configuration of the claimed subject
matter in any way. Rather, the foregoing detailed description
will provide those skilled in the art with a convenient road
map for implementing the described embodiment or embodi-
ments. It should be understood that various changes can be
made in the function and arrangement of elements without
departing from the scope defined by the claims, which
includes known equivalents and foreseeable equivalents at
the time of filing this patent application.

What is claimed is:

1. A method for forming a contact region for a solar cell, the
solar cell having a front side which faces the sun during
normal operation, and a back side opposite the front side, the
method comprising:

depositing a paste comprising a first metal above a sub-

strate of the solar cell;

curing the paste to form a first metal layer;

electrolessly plating a second metal layer on the first metal

layer; and

electrolytically plating a third metal layer on the second

metal layer, wherein the second metal layer electrically
couples the first metal layer to the third metal layer.
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2. The method of claim 1, wherein depositing the paste
above the substrate comprises depositing paste on a polysili-
con region above the substrate.

3. The method of claim 1, wherein depositing the paste
comprises depositing an aluminum paste.

4. The method of claim 3, wherein depositing the alumi-
num paste comprises depositing an aluminum paste having a
thickness of at least 0.5 microns.

5. The method of claim 1, wherein the second metal layer
comprises a barrier metal adapted to prevent diffusion of
metals from the third metal layer into the substrate.

6. The method of claim 1, wherein electrolessly plating the
second metal layer comprises electrolessly plating a metal
selected from the group consisting of nickel, gold, silver,
rhodium, chromium, zinc, tin and cadmium.

7. The method of claim 1, wherein electrolessly plating the
second metal layer comprises electrolessly plating a metal
layer having a thickness of at least 0.1 microns.

8. The method of claim 1, wherein electrolytically plating
the third metal layer comprises electrolytically plating a
metal selected from the group consisting of copper, tin, alu-
minum, silver, gold, chromium, iron, nickel, zinc, ruthenium,
palladium, and platinum.

9. The method of claim 1, further comprising: electrolyti-
cally plating a fourth metal layer on the third metal layer.

10. The method of claim 9, wherein electrolytically plating
the fourth metal layer comprises electrolytically plating a
metal selected from the group consisting of copper, tin, alu-
minum, silver, gold, chromium, iron, nickel, zinc, ruthenium,
palladium, and platinum.

11. A method for forming a contact region for a solar cell,
the solar cell having a front side which faces the sun during
normal operation, and a back side opposite the front side, the
method comprising:

depositing, in an interdigitated pattern, an aluminum paste

above a substrate of the solar cell;
curing the aluminum paste to form a layer of aluminum;
electrolessly plating a second metal layer with a thickness
of at least 0.1 microns on the layer of aluminum;

electrolytically plating a third metal layer on the second
metal layer, wherein the second metal layer electrically
couples the layer of aluminum to the third metal layer;
and

electrolytically plating a fourth metal layer on the third

metal layer.

12. The method of claim 11, wherein depositing aluminum
paste comprises depositing aluminum paste having a thick-
ness of at least 0.5 microns.

13. The method of claim 11, wherein the second metal
layer comprises a barrier metal adapted to prevent diffusion of
metals from the third metal layer into the substrate.

14. The method of claim 11, wherein depositing the alu-
minum paste above the substrate comprises depositing alu-
minum paste on a polysilicon region above the substrate.

15. The method of claim 11, wherein depositing the alu-
minum paste comprises depositing using a method selected
from the group consisting of screen printing, spin coating,
and ink-jet printing.

16. The method of claim 11, wherein electrolytically plat-
ing the third and fourth metal layers comprises electrolyti-
cally plating metals selected from the group consisting of
copper, tin, aluminum, silver, gold, chromium, iron, nickel,
zinc, ruthenium, palladium, and platinum.

17. A method for forming a contact region for a solar cell,
the solar cell having a front side which faces the sun during
normal operation, and a back side opposite the front side, the
method comprising:
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depositing, in an interdigitated pattern, an aluminum paste
with a thickness of at least 0.5 microns above a substrate
of the solar cell;

thermally curing the aluminum paste to form a layer of

aluminum;
electrolessly plating a second metal layer comprising a
barrier metal with a thickness of at least 0.1 microns on
the layer of aluminum, wherein the barrier metal is
adapted to prevent diffusion of metals into the substrate;

electrolytically plating a third metal layer on the second
metal layer, wherein the second metal layer electrically
couples the layer of aluminum to the third metal layer;
and

electrolytically plating a fourth metal layer on the third

metal layer.

18. The method of claim 17, wherein depositing the alu-
minum paste above the substrate comprises depositing alu-
minum paste on a polysilicon region above the substrate.

19. The method of claim 17, wherein depositing the alu-
minum paste on the solar cell comprises depositing aluminum
paste on the solar cell using a method selected from the group
consisting of screen printing, spin coating, and ink-jet print-
ing.

20. The method of claim 17, wherein the solar cell com-
prises a solar cell selected from the group consisting of a
back-contact solar cell, a front-contact solar cell, a monoc-
rystalline silicon solar cell, a polycrystalline silicon solar cell,
an amorphous silicon solar cell, a thin film silicon solar cell,
a copper indium gallium selenide (CIGS) solar cell, and a
cadmium telluride solar cell.
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